quadriplegic. 51 Acute traumatic insult to the spinal cord results in loss of balance between rostral and caudal somatic and visceral neuronal input, culminating in sudden and precipitous defects in physiological function, which negatively influences the systemic medical status of the patient, ultimately resulting in an increase in deaths, morbidity, and length of stay in the critical care unit. 10, 16, 17, 21 Functional loss of intercostal muscles and the diaphragm result in decreased vital capacity, reduced chest wall compliance, paradoxical chest expansion, and ventilatory failure. [32] [33] [34] 39, 44, 45, 49 Ineffective cough and unopposed muscarinic neuronal impulses originating in the dorsal motor nucleus of the vagus in the medulla oblongata cause not only bronchial constriction but also inability of the victim to clear excessive secretions. 16 Atelectasis, pneumonia, and ventilatory failure contribute to an excess of oxygen cost of breathing. 10 Loss of sympathetic tone below the level of injury will result in neurogenic shock and further endangers oxygen-carrying capacity into the spinal cord, which is already suffering from an ischemic state. 21 Pulmonary complications are the most common causes of death and morbidity following SCI. Up to 80% of inpatient deaths from cervical SCI are due to pulmonary dysfunction, and pneumonia is the cause in 50% of cases. 15, 38 There is evidence that neurological level and completeness of SCI may significantly contribute to the need for artificial ventilation and pulmonary complications. 33, 44, 45 Furthermore, patients with complete SCI have substantially more maximum canal compromise, spinal cord compression, and longer intramedullary lesions on MR imaging studies. 36 Although judicious acute care management, 11, 16, 25, 26, 41, 44 neuronal plasticity, 32, 35 and significant progress in rehabilitation over time (including ventilatory support) have significantly improved our management of pulmonary complications of SCI, 10, 13, 44, 45 knowledge of the predictors of pulmonary complications and their effect on neurological outcome further enables us to be more vigilant in applying early preventive measures such as tracheostomy and phrenic and intercostal nerve stimulator implants. 11, 13, 25, 41 The goals in this study were as follows. 1) Define and analyze the predictors of moderate and severe pulmonary complications following SCI. 2) Investigate whether pulmonary complications negatively affected the ASIA Impairment Scale conversion rate in patients with SCI.
Methods

The NACTN
This study was funded by the Christopher and Dana Reeve Foundation and the Department of Defense. The NACTN is a consortium of 9 clinical centers composed of neurosurgery faculty and staff caring for patients with SCI. The NACTN was established in 2004 and is supported by a Data Management Center and a Pharmacological Center. The data registry is updated by the Data Management Center, which is in constant online communication with the coordinators and principal investigators at the 9 academic research centers.
Definition of a Complication
To grade the severity of complications, we have followed the reasoning used by the FDA, Department of Health and Human Services to classify adverse drug reactions and the severity of the reaction: "An adverse event … is considered 'serious' if, in the view of either the investigator or sponsor, it results in any of the following outcomes: Death, a life threatening event, inpatient hospitalization or prolongation of existing hospitalization, a persistent or significant incapacity or substantial disruption of the ability to conduct normal life functions…. and may require medical and surgical intervention to prevent one of the outcomes listed in this definition." (Code of Federal Regulations, Title 21, Volume 5, Sec. 312.32, IND Safety Reporting, 2011) (http://www.accessdata.fda. gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm). Following these concepts, the severity of pulmonary complications was defined in the following manner: a severe complication was defined as an event that, in the view of the investigator, required major medical and/or surgical intervention to prevent death or permanent impairment of the function or structure of an organ or system. A moderate complication was an event that required treatment and prolonged the hospitalization. A mild complication was an event that required treatment that carried little risk, had no residual effect on the patient's function, and did not prolong the patient's hospitalization. Surveillance for the occurrence of pulmonary complications was performed by physicians and research nurses dedicated to the study (http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/ CFRSearch.cfm). 24 Surveillance consisted of daily chart reviews, screening of laboratory and imaging studies, and discussions with acute care intensivists and principal investigators. Pulmonary complications (Table 1 ) studied in this submission were all moderate or severe (http://www. nlm.nih.gov/medlineplus/mplusdictionary.html).
Study Design
This was a prospective observational study of moderate or severe pulmonary complications in 109 patients with SCI as registered in the NACTN cohort. 24 The data set was extracted from the SCI data registry of the NACTN collected over 5 years (2005) (2006) (2007) (2008) (2009) ). Nine Departments of Neurosurgery contributed to this data set. 24 Informed consent documents were signed by all the participants in the study at all the neurosurgical NACTN centers. Neurological assessment of the patients was performed by the neurosurgical staff and physical therapists of each center, who were trained in verification of International Standards for Neurological Classification of Spinal Cord Injury. The ASIA Impairment Scale and ASIA motor determinations were performed during critical care management and at discharge from the hospital and rehabilitation center. Long-term follow-up was at 6-week, 3-month, 6-month, and 12-month intervals.
Prehospital emergency management and evacuation, emergency department resuscitation, primary and secondary surveys, imaging studies, closed or open reduction, external or internal fixation, critical care management, rehabilitation, and follow-up were performed ac-cording to the guidelines recommended by the AANS/ CNS and American College of Surgeons Committees on Trauma.
3,4,7 Calculation of maximum canal compromise, maximum spinal cord compression, and the length of the intramedullary lesion was performed according to the methodology of Fehlings and colleagues. 18, 19, 22, 23, 36 
Statistical Analysis
Pulmonary complications were modeled using negative binomial regression, with covariates that included age and ASIA Impairment Scale scores. The negative binomial regression model is appropriate for assessing the influence of covariates to the presence of pulmonary complications. The Bayesian methodology selects samples from simulation algorithms. The samples produce maximum likelihood estimates of terms that relate covariates to the incidence of pulmonary complications. Bayesian analysis involves 3 steps. The first step consists of deciding prior negative binomial probability estimates of parameters. The second step involves fitting the negative binomial model to the data. In the third step, a posterior probability model is produced using information from the first step and the estimates of repeated samples of Monte Carlo simulations. The GENMOD procedure of SAS (version 9.2; SAS Institute, Inc.) was used to perform Bayesian analysis and obtain estimates of the negative binomial probability model.
Results
Patient Characteristics and Pulmonary Complications
One hundred nine patients with SCI were included.
Seventy-nine percent were male, and the mean age was 42.7 years (Table 2 ). Approximately 73% of the patients were involved in either motor vehicle accidents or were victims of falls. Almost 60% of the patients were motor complete (ASIA Impairment Scale Grades A and B), and the admission ASIA motor score in the entire cohort was 40. The mean Acute Physiology and Chronic Health Evaluation-II score was 8. The single neurological level was C2-T1 in close to 80% of the patients. Mathematical calculations 19 of imaging studies indicating the degree of injury severity showed that the mean canal compromise was 32.4%, the degree of spinal cord compression was 11.2%, and the length of the intramedullary lesion on T2-weighted MRI studies was 35 mm. 1, 2 The LOS for acute care management was 26 days, and patients were followed after discharge for a mean of 9.5 months. Patients had a mean improvement of their ASIA motor score of 20 points (from 40 to 60); however, one-third of the patients maintained a complete physiological transection of the spinal cord.
Eighty-seven pulmonary complications occurred in 51 patients. Twenty-six patients had ventilatory failure, 25 had pneumonia, 17 had pleural effusion, 6 had acute lung injury, 4 had pneumothorax, and 4 had lobar collapse. Pulmonary embolus and hemothorax were each encountered in 2 patients, and 1 patient had a mucus plug.
Univariate Analysis
Demographic and Clinical Characteristics and Pulmonary Complications. Univariate analysis indicated that patients with sports injuries and those between the ages of 26 and 35 years were particularly prone to pul- monary complications and had an RR of 1.65 and 1.73, respectively (p = 0.04, Table 3 ). Individuals with ASIA motor scores less than 25 were almost 9 times more at risk of pulmonary complications than those with an ASIA motor score more than 50 (RR 8.7, p < 0.0001).
Similarly, patients with ASIA Impairment Scale Grade A scores had more pulmonary complications (RR 8.2, p < 0.0001). Patients with complete SCI were 3 times more prone to pulmonary complications than patients with incomplete injuries (RR 3.36, p < 0.0001). As the single neurological level of injury ascended from S-1 to C-2, the rate of pulmonary complications increased concordantly. A patient with a single neurological level of C2-4 had 2.3 times more chances of developing pulmonary complications than a similar patient with a lumbosacral neurological level of injury; however, the difference was only marginally significant (p = 0.09).
Imaging Characteristics as Risk Factors for Pul monary Complications.
The degree of MCC in the spinal canal and MSCC did not influence the occurrence of pulmonary complications (Table 3) . However, as the length of intramedullary lesion on T2-weighted MRI studies exceeded 40 mm, the risk of pulmonary complications also increased by a factor of 2 (p = 0.004). (Table 4) , and the difference was not significant. In the entire cohort, 3 patients regressed to a lower ASIA Impairment Scale grade; 2 in the Grade B group (1 with and 1 without moderate or severe pulmonary complications) and 1 in the Grade C group (without moderate or severe pulmonary complications).
Hospital Length of
Bayesian Multivariate Regression Analysis
We had 3 covariates that were inherently interrelated and had an association with moderate or severe pulmonary complications in the univariate analysis, as follows: 1) complete versus incomplete SCI injury; 2) ASIA motor score at the time of admission; and 3) ASIA Impairment Scale grade at the time of admission. For the regression analysis we took the ASIA Impairment Scale grade as the most comprehensive, conceptual, and functionally relevant covariate. We therefore designed a Bayesian multivariate regression model composed of 5 independent variables. Controlling for age, mechanism of injury, neurological level, and length of intramedullary lesion, only the admission ASIA Impairment Scale grade predicted moderate or severe pulmonary complications; patients with increasing severity of ASIA Impairment Scale grade had a markedly increased risk. Patients with Grade A were nearly 10 times as likely, those with Grade B were 2.6 times as likely, and those with Grade C were 1.7 times as likely to have a moderate or severe pulmonary complication compared with those with Grade D (Table 5) .
Discussion
Although age, spinal level, and completeness of SCI as predictors of pulmonary complications have been studied before, 6, 9, 14, 20, 27, 32, 40, 43 we found no studies clearly investigating predictive values of clinical (ASIA motor score, ASIA Impairment Scale grade) and imaging evidence of injury severity (MCC, MSCC, and length of intramedullary lesion) in the English literature.
Pulmonary complications in patients with SCI significantly contribute to increased LOS, 50 deaths, 8, 10, 15, 38 and morbidity 6, 10, 43 during acute as well as rehabilitation care. Defects in the neuroanatomical 20, 28 and physiological 6, 14, 16, 27, 42, 43, 46 infrastructure of the pulmonary apparatus result in ineffective use of breathing mechanisms and in a significant burden on activities of daily living. 6,10,42 Pulmonary function tests clearly indicate declines in forced vital capacity and forced expiratory volume in 1 second, resulting in atelectasis and pneumonia. [32] [33] [34] [35] 37, 39, 45, 46, 49 Neuronal plasticity, earlier tracheostomy, intermittent positive pressure breathing, newer ventilator settings, and neuromuscular and spinal cord stimulators all have improved our management of pulmonary complications following SCI. 10, 13, 16, 25, 32, 35, 41, 44 Nevertheless, knowledge of predictors of pulmonary complications can prepare us to better use preventive and modern therapeutic measures. 11, 13, 16, 17, 25, 26, 41, 44 In this study, complete (Grade A) SCIs were more prone to pulmonary dysfunction than incomplete SCIs (77.1% vs 23%, p < 0.0001). Other investigators have also confirmed this reality. Body weight, wheeze, and cigarette smoking seem to be added risk factors for pulmonary complications, in addition to the level and completeness of SCI. 28, 45, 49 Lower ASIA motor scores at admission were significant predictors of pulmonary complications (p = 0.0001). Similarly, patients classified in Grades C, D, and E were almost 10 times less susceptible to pulmonary complications. Reviewing the results of pulmonary function tests obtained in 123 patients at the time of admission, Reines and Harris 40 recorded a forced vital capacity of 1127 cm 3 in patients with pulmonary complications, compared with a forced vital capacity of 1865 cm 3 in patients without pulmonary complications. In this study, the PaO 2 in patients with pulmonary complications was 67 mm Hg, compared with a PaO 2 of 90 mm Hg in patients without pulmonary complications. Age, wheeze, obesity, and smoking, which contribute to physiological derangements, have been reported to be significant predictors of pulmonary complications. 26, 28, 30, 34, 46, 49 The degree of physiological derangement (according to the Acute Physiology and Chronic Health Evaluation-II score) at the time of admission was not a predictor of pulmonary complications in our study.
There seems to be a progressive deterioration of respiratory function as the SCI severity approaches the craniocervical junction. In the present investigation, patients with high (C2-4) cervical injuries were 2.3 times more prone to have pulmonary complications (p = 0.09). 20, 27, 32 Evidence indicates that patients with paraplegia at high thoracic levels (T2-6) have greater chances of pulmonary complications than those with paraplegia at lower levels (T7-12). 6, 9, 14, 20, 43 We investigated validated measures of skeletal and SCI severity, including the degree of encroachment on the spinal canal (the MCC), the degree of spinal cord compression (the MSCC), and the length of the intramedullary lesion on MRI studies. 18, 19, 23, 36 Validated reports have indicated that quadriplegic patients have more significant MCC, MSCC, and length of intramedullary lesion. Although MCC and MSCC were not significant risk factors, univariate analysis indicated that the longer the intramedullary lesion on the T2-weighted MRI studies of patients with SCI, the higher their chances of respiratory complications (p = 0.004). Preclinical studies indicate that ischemia is one the contributing factors in secondary insult to the spinal cord following primary injury. 5, 12, 29, 31, 47, 48 Pulmonary complications and secondary hypoxemia may be detrimental factors for natural physiological repair and regeneration. We compared the rate of conversion in patients with no pulmonary complications and those who suffered pulmonary complications and found no difference in neurological recovery of function. 
Conclusions
One of the fundamental principles of SCI management is prevention of pulmonary complications, which occur in more than half of these patients. Prevention of pulmonary complications, including pneumonia and atelectasis, might mitigate the adverse effects of ischemic insults to the injured spinal cord. Therapeutic trials such as cell-based trials of SCI management may need medications that might suppress immunity; therefore, extreme vigilance is needed to prevent superimposed pulmonary and systemic infections. Knowledge of the demographic characteristics, the injury level, and the ASIA Impairment Scale grade of SCI, in addition to the admission ASIA motor score and the length of intramedullary lesion on admission T2-weighted MRI studies, can help effectively prevent and better manage pulmonary complications. These factors may help reduce the ischemic insults to the vulnerable spinal cord and diminish deaths, morbidity, and LOS.
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